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摘要 
 
    糖是生物体重要的能量来源，也是细胞骨架的重要组成成分之一，与蛋白质、
核酸及磷脂等一起对生命活动起着重要的调节作用。但是由于糖自身羟基众多，
结构复杂，传统的合成工艺都需要对单糖单元进行多步的保护和脱保护，费时费
力。基于含磷化合物在糖苷类物质合成中的应用，本论文发展了一种三苯基磷与
六氯乙烷诱导下，利用非保护的单糖形成合成相应寡糖库的方法。该方法能够在
室温条件下实现高转化率的寡糖制备，操作简便，也可以用于糖缀合物的有效制
备。通过 31P NMR 和 ESI-MS/MS 研究葡萄糖在四氢呋喃中的寡聚反应，发现反
应是通过五配位磷中间体的生成并沿着“m+1”来方向实现糖链的延长；通过对葡
萄糖寡聚产物二糖结构鉴定，发现其糖苷键的连接位点均为 1,6-连接；通过对不
同的单糖与磷试剂反应的考察，制备了一系列寡糖库，证明了该寡聚反应对还原
性单糖具有很高的普适性。 
在植物体内，蔗糖是碳水化合物运输的主要形式，钾离子是促进蔗糖传输的
关键成分，它们与蔗糖在植物体内的相互作用机理研究甚少。因此，本论文结合
ESI-MSn 和粘度实验对蔗糖与金属离子形成的复合物进行了考察：通过对蔗糖与
不同金属离子形成的复合物的多级质谱解析，发现钾离子能够稳定蔗糖的气相构
型，同时蔗糖具有较为特殊的结构，使得蔗糖比其他异构体更稳定。在液相中，
通过粘度实验研究了不同浓度条件下的钠离子和钾离子对蔗糖溶液粘度的影响，
发现蔗糖在生理浓度附近的粘度为最低。上述结果很好的揭示了，在 K+的协同
作用下，蔗糖可以作为碳水化合物运输的主要形式。同时，基于蔗糖异构体与金
属离子形成的复合物的多级质谱碎片及相对峰度的差异，结合主成分分析可用于
快速区分蔗糖异构体。  
    由于寡糖的异构体众多，因此对其结构的鉴定和异构体的区分仍然是目前寡
糖分析的一个挑战。本文研究了氨基酸、二糖与一价阳离子之间的弱相互作用，
发现了一个重要的三元复合物模型[2Dis+Leu+K]+，并通过多级质谱分析技术和
同位素标记技术对其裂解规律进行研究，证明了亮氨酸的加入可以加强二糖二聚
体与钾离子之间的弱相互作用，导致糖骨架断裂碎片的生成。同时将该复合物模
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型用于其他 11 种二糖异构体，得到了完全不同的 ESI-MS/MS 谱图。基于碎片离
子和相对峰强度的差异，结合统计学分析方法如 PCA，OPLS-DA 等成功用于二
糖异构体的快速鉴定。 
总之，质谱技术结合 HPLC 在合成寡糖结构的分析鉴定中发挥着重要的作
用。尤其是多级质谱可有效用于反应中间体的捕获及相应结构的鉴定。在二糖―
金属离子和二糖―氨基酸―金属离子的相互作用研究中，多级质谱提供的碎片信
息不仅能够反映气相条件下金属离子或氨基酸对二糖结构的影响。与统计分析软
件相结合还能有效的应用于二糖异构体的快速区分及未知二糖结构的鉴定。 
 
关键词：寡聚；磷试剂；HPLC-MSn；数据统计分析. 
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Abstract 
For three decades, the significant development of naturally and biologically active 
carbohydrates was achieved. Saccharides as well as its conjugated protein, lipids, 
serve as the regulators on numerous life process such as cell recognition, tumor 
metastasis and immune system maturation. Despite their essential functions, the 
complex structure of these oligosaccharides is rather a barricade associated. And the 
synthesis of oligosaccharides remains a challenge work. Here, we developed a 
convenient approach on the synthesis of linear oligosaccharides motifs through 
unprotected carbohydrates as starting materials. This reaction was operated at room 
temperature in the presence of PPh3 and C2Cl6 with excellent chemical conversion 
rate. In combination of 31PNMR and ESI-MS/MS, an intermediate of 
penta-coordinated phosphorous was discovered and the possible assembling 
mechanism was also proposed. In addition, the structure of the glycosidic bond of 
synthetic glucose disaccharide was identified as 1,6-linkage by comparing with 
authentic samples. The optimal reaction condition was using DMF as the solvent at 
room temperature. In this condition, the oligomerization of unprotected 
monosaccharide with different structure was successfully achieved and their products 
was analyzed by ESI-MS/MS as well. After the addition of small peptide, such as 
serine-histidine, into the reaction above-mentioned, the corresponding 
glycoconjugates were observed by using LC-MSn. 
Sucrose is the major form of energy vector for plants, which is important for plants 
growth. Among thousands of disaccharides in Nature, why Nature chose sucrose for 
plants? This problem was explained by the investigation on the interaction of metal 
ions in gas phase and in aqueous phase using ESI-MSn and viscosity analysis. MS/MS 
results have shown that the K+ ion can stabilize sucrose to a greater extent than the 
Na+ ion. Furthermore, under the same conditions, K+ ions reduce the viscosity of 
sucrose-water system much more than Na+. These results suggest that K+ is a better 
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co-transporter for sucrose. When the MS/MS collision energy is sufficiently high, 
sucrose releases fructose and glucose more easily than the other three isomers, which 
may be relevant to their biological function. This suggests that sucrose can more 
easily hold an integral structure in the transport process. Wherever it is necessary, 
sucrose can be cleaved into glucose and fructose easily. Hence, the α1→2 linkage of 
the glucose and fructose units in sucrose is essential for the choice of Nature of 
sucrose for plants, which is one of the most wonderful secrets in the biosphere. 
For the analysis of the lithium and sodium adducts of the glucopyranosyl fructose 
(Glc-Fru) isomers, both mass collision modes using CID (MicroTOF QII-MS) and 
HCD (Q-Exactive Orbitrap-MS) collision modes were applied. The differences 
between the fragment ions were evaluated by the PCA models. The glycosidic bond 
cleavage mechanism of lithiated sucrose was verified by a deuterium labeling 
experiment combined with density functional theory calculations (Gaussian 09). 
Glc-Fru isomers were discriminated in the PCA score plots for their lithium and 
sodium adducts by using different collision modes. The results showed that 
HCD-MS/MS is an ideal tool for differentiating lithium adducts, whereas, 
CID-MS/MS is better for discriminating sodium adducts. The hydrogen migration of 
the hydroxyl group at C3 of the fructose unit caused the glycosidic bond 
decomposition of lithiated sucrose. 
The identification of carbohydrate structure, including mono units, linkage position 
and anomeric configuration, still remains an audruous subject. In this study, leucine 
play a role for stabilizing the complex of [2Dis+Leu+K]+ in ESI-MS. The tandem 
mass spectrometry gave abundant specific fragmentation patterns arising from the 
cleavage of sugar ring instead of non-covalent bond dissociation. It suggested that 
leucine is capable of regulating the conformation of the complex [2Dis+K]+. This 
ternary model can be readily applied to eight glucose disaccharides and four 
glucopyranosyl fructose. Based on the correlation between structure and the 
fragments assignments, the discrimination among disaccharide isomers is observed 
intuitively and subsequently evaluated by PCA and OPLS-DA models. This 
methodology was not only provided a new analytical approach to differentiate 
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underivatized isomeric disaccharides, but also brings a new sight towards the 
interactions of amino acids with disaccharides.  
In one word, the combined use of MS and HPLC palys an important role on the 
structural analysis of synthetic oligosaccharides. Especially for tandem mass 
spectrometry, it was efficient to “fish” reaction intermediates and characterize the 
corresponding structure. For the investigation on the interaction of 
disaccharides-cation or disaccharides-amino acid-cation, the influence of the cation or 
amino acid on the disaccharides could be reflected by using tandem mass 
spectrometry. When coordinated with statistical analysis, it was applicable to 
discriminate disaccharide isomers, and then to identify the unknown disaccharides. 
 
Key Words：Oligomerization；Phosphorous reagents；HPLC-MSn；Statistical analysis 
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符号缩写表 
符号 英文含义 中文含义 
Ara Arabinose 阿拉伯糖 
Gal Galactose 半乳糖 
Man Mannose 甘露糖 
Xyl Xylose 木糖 
Rib Ribose 核糖 
Gly Glycine 甘氨酸 
Ser Serine 丝氨酸 
SH Serine-Histidine 丝组二肽 
Leu Leucine 亮氨酸 
Ile Isoleucine 异亮氨酸 
Glc Glucose 葡萄糖 
Fru Fructose 果糖 
THF Tetrahydrofuran 四氢呋喃 
DMSO Dimethylsulfoxide 二甲基亚砜 
DMF N,N-dimethylformamide N,N-二甲基甲酰胺 
Dis Disaccharide 二糖 
Cello Cellobiose 纤维二糖 
HR-MS High Resolution Mass Spectrometry 高分辨率质谱 
ESI-MS Electrospray Ionization Mass Spectrometry 电喷雾电离质谱 
NMR Nuclear Magnetic Resonance 核磁共振 
31P NMR Phosphorus Nuclear Magnetic Resonance 核磁共振磷谱 
CID Collision Induced Dissociation 诱导碰撞解离 
HCD Higher-energy Collision Dissociation 高能碰撞解离 
PCA Principal Components Analysis 主成分分析 
OPLS-DA Orthogonal Partial Least Squares Discrimination Analysis  正交偏最小二乘法 
ANOVA Analysis of Variance 方差分析 
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